Using computer methods for detecting conserved amino acid sequence motifs, we show that the chromatin organization modifier (chromo) domain that has been previously identified in several proteins involved in transcription down-regulation is present in a much larger group of (putative) chromatin-binding proteins, some of which are positive rather than negative regulators of transcription. The most interesting new members of the chromo superfamily are Drosophlla male-specific lethal (MSL-3) protein involved in the X chromosome gene dosage compensation in the males and human retinoblastoma-binding protein RBP-1. We show that the chromo domain is duplicated in several chromatin-binding proteins and use this observation to interpret recent results on chromatin binding obtained with chimeric chromo domain-containing proteins. We hypothesize that the chromo domain may be a vehicle that delivers both positive and negative transcription regulators to the sites of their action on chromatin.
INTRODUCTION
Recent estimates have strongly suggested that the majority of highly conserved proteins sequence motifs may be already known (1) (2) . Therefore identification of new occurrences of these motifs, which frequently involves detection of subtle sequence signals, is becoming an increasingly important component of protein function prediction and classification. The present paper significantly expands a previously described family of domains involved in transcription regulation, resulting in new structural and functional predictions.
Chromatin organization modifier (chromo) is a 30-50 amino acid domain that is conserved in several eukaryotic chromatinbinding proteins such as Drosophila heterochromatin protein 1 (HP1) and Polycomb (PC), their mammalian homologs and fission yeast SWI6 (4) (5) (6) (7) (8) . Recently, the chromo domain has been identified in two larger, multidomain proteins, namely the murine CHD-1 (9) and Drosophila Su(var)3-9 (10). Heterochromatin protein 1 and PC, which may be considered 'classical' chromocontaining proteins, bind to numerous, specific, non-overlapping loci in chromatin (11) (12) (13) . These proteins have been implicated, in the transcription down regulation associated with the heterochromatic position-effect variegation and in the repression of the transcription of homeotic genes by chromatin packaging, respectively (5, 14) . A similar function in the repression of silent mating type loci in fission yeast has been proposed for SWI6 (8) . Mutations in the chromo domain abolish the binding of the PC protein to chromatin (7) . In contrast, the chromo domain of HP1 is dispensable for chromatin binding, whereas the C-terminal portion that is highly conserved in HP1 homologs from different organisms is sufficient for nuclear localization and site-specific binding to the heterochromatin (15) . The difference between the results obtained with HP1 and PC leaves a degree of uncertainty regarding the actual role of the chromo domain in chromatin binding and transcription regulation (15) . Interestingly, the chromo domain is a specific target for autoimmune response in scleroderma patients (7) . ' Here we show that the chromo domain is present in a larger class of (putative) chromatin-binding proteins than previously suspected and is duplicated in some of these proteins. These findings explain the difference in the results of the experiments on the role of the chromo domain in PC and HP 1 and lead to some generalizations on the structure and function of the chromo domain-containing proteins.
MATERIALS AND METHODS
Amino acid sequences were from the non-redundant (NR) protein sequence database at the National Center for Biotechnology Information (NIH). Nucleotide sequences of expressed sequence tags (EST) were from the dBEST database (16) . Initial comparisons of protein sequences to the protein NR database were performed using the BLASTP program (17) , and comparisons to the dBEST were performed using the TBLASTN program (18) . Nucleotide sequences translated in six reading frames were compared to the protein NR database using the BLASTX program (18) . The BLAST programs were used in conjunction with the SEG program in order to mask the low complexity (compositionally biased) regions in protein sequences that tend to produce artifactual alignments in database searches (18, 19) . Additional database searches were performed using the BLITZ * To whom correspondence should be addressed The database accession numbers are given in the rightmost column. The numbers starting with P or Q are from the SWISS-PROT database, the numbers starting with A or S are from the PIR and the remaining numbers are from GenPept The consensus secondary structure prediction derived from the prediction for all individual sequences is shown above the alignment, a indicates a-helix, e indicates extended (P) conformation and 1 indicates loop. The accuracy of prediction is expected to be -72% for sequences that have several significantly similar homologs in the SWISS-PROT database and a few percentage points lower for those sequences that do not have such homologs (27) . DROV1, Drosophila viridis; DROME, Drosophila melanogaster, CAEEL, Caawrhabditis elegans; SKIPPY, a Fusarium oxysponan (a phytopathogenic fungus) retrotransposon; Cft-I, a Cladosporumfulvum (a phytopathogenic fungus) retrotransposon; PLEWA, Pleurodeles walilii (newt); XENLA, Xenopus laevir, PLAFA, Plasmodiumfalciparum; SCHMA, Schistosoma mansoni. MSL3 showed additional statistically significant similarity with an uncharacterized human ORF product (GenBank Dl 4812), as well as a human (GenBank Z20674) and rice (GenBank D15421) ESTs. The region of similarity overlapped the distal chromo domain of MSL3 but the principal conserved motif was located upstream of the sequence shown in the figure (data not shown). This motif was not found in any other available sequence; additional sequence data are required to predict its function. Several alternatively spliced forms of RBP1 with large size differences have been identified (27) (28) (29) . The indicated position of the not included in the alignment. Two sequences of EST-encoded putative proteins from Schistosoma and Plasmodium are shown since the chromo domain has not been previously identified in these organisms, (b) Information content profile: a sequence Logo. The profile was generated from the alignment shown in (a) using the ALPRO and MAKELOGO programs. The horizontal axis shows the position in the alignment and the vertical axis shows the information content in bits. server which implements the MPSrch program (20) . Multiple alignment blocks were constructed directly from BLAST outputs using the CAP program and screening of the NR database with position-dependent weight matrices generated from the derived blocks was performed using the MoST program (21) . For protein superfamily delineation, alternate rounds of BLAST and MoST search were used iteratively (22) . Additional protein sequence multiple alignment analysis was performed using the GIBBS (23) and MACAW (24) programs. In order to delineate probable non-globular domains in protein sequences, the SEG program was used with the parameters optimized for this purpose (25) . The information content profiles (sequence Logo) for multiple amino acid sequence alignments were constructed using the ALPRO and MAKELOGO programs (26) through the WWW server supported by Steven Brenner at the University of Cambridge School of Biological Sciences. Protein secondary structure was predicted using the PHD program (27) .
RESULTS AND DISCUSSION

Sequence conservation in the chromo domain: identification of new superfamily members and intramolecular duplication
The present study of the chromo domain was triggered by our analysis of the amino acid sequence of the Drvsophila protein male-specific lethaI-3 (MSL-3) which is one of the proteins required for hypertranscription of the single male X chromosome in Drosophila to achieve dosage compensation (28) . A comparison of the MSL-3 sequence with the NR database using BLASTP showed no significant sequence similarity to any known proteins, except for an uncharacterized human open reading frame (ORF) product (28; legend to Fig. la) . However, when the dBEST translated in six reading frames was searched using TBLASTN, a statistically significant similarity (probability of matching by chance, P <10~3) was detected with several human ESTs and an EST from rice. When these ESTs were in turn compared to the protein NR database using BLASTX, a highly significant similarity (P < 10 " 9 ) was detected with the human retinoblastoma-binding protein 1 (RBP-1) and a moderate similarity was unexpectedly observed with the Zn finger protein A33 from newt (P -0.03) and with the PC protein (/> -0.08). The detected region of PC belonged to the chromo domain, suggesting that despite the limited statistical significance, the similarity may be functionally relevant. From the BLASTX output for one of the human ESTs, a position-dependent weight matrix was constructed and the NR database was scanned iteratively using the MoST program, with the cut-off defined as the ratio of the expected number of similar segments retrieved from the database to the actual observed number of 0.01 (21) . Further analysis included using BLASTP with this sequence set, in order to detect possible additional members of the chromo superfamily and using TBLASTN, in order to detect putative new chromo domains among ESTs, followed by another round of MoST search (22) . The iterative database search resulted in a set of 25 chromo domain-containing proteins that included all the known chromo proteins, with the exception of SWI6, as well as several new ones. As a control for search sensitivity, additional analysis was performed using the BLITZ program. This search did not detect putative new chromo domains.
Inspection of the BLAST outputs for the murine chromatin modifier proteins MODI and M0D2 suggested that these proteins may contain a second copy of the chromo domain. A similar duplication of the chromo domain was suggested by the MoST search for the uncharacterized, putative yeast protein YEZ4. This prompted a further analysis of the chromo proteins using the GIBBS program under the assumption that each protein contains two copies of the chromo domain (23) . The duplication of the chromo domain was identified in eight proteins, with each (27) ; SET is conserved in Su(var)3-9 and other proteins involved in transcription regulation (9); ADR is conserved in RBPI, yeast transcription factor ADR6 and human modulation recognition factors (E. V. K., unpublished observations).
of the segments scoring >6 SD above the random expectation. The statistical significance of the alignment of two copies of the chromo domains in proteins containing the duplication was also confirmed using MACAW. Specifically, the probability of the two copies of the chromo domain being detected by chance was <1(T 5 for the MODI and MOD2 proteins and -10" 4 for the human HP1 protein. Further analysis using MACAW indicated that the SW16 protein also may possess a duplicated chromo domain, with each of the copies containing a one amino acid insertion as compared to the other members of the superfamily. The presence of two chromo domain-related regions in the HP protein sequences has been noticed previously (29) .
The resulting alignment of the chromo domains produced using the GIBBS program, with the SWI6 sequence added based on the results of the BLASTP search and additional analysis using MACAW, is shown in Figure 1 a. There are no positions containing the same amino acid residue in all chromo domains. Nevertheless, the information content profile (sequence Logo) for the chromo domain alignment clearly reveals two conserved motifs centering at the tryptophan residues in positions 21 and 32, respectively (Fig. lb) . The first of these motifs, located in the middle of the chromo domain, is the most highly conserved part, with the lysine in position 20, tryptophan in position 21 and glycine in position 23 showing the highest information content. However, positions with a relatively high information content span the entire 37 residue range of the chromo domain ( Fig. 1 a and b) .
Most of the chromo domain-containing proteins are enriched in compositionally biased regions that probably comprise nonglobular domains (25) . Specifically, HP1 and its mammalian homologs may not contain globular domains other than the two chromo domains (Fig. 2) . This leads to an intriguing speculation that in order to form a stable globule, the two chromo domains may have to interact with one another, with the non-globular domains looping out. Alternatively, each chromo domain of HP1 may interact with the chromo domains of other HP 1 molecules to form dimeric or multimeric complexes; the formation of HP1 homodimers in vitro has been recently detected (30) .
The chromo domain is found in association with a striking variety of other domains (Fig. 3) . These include Zn finger domains, a helicase domain, coiled coil domains, and several conserved domains whose functions have not yet been determined. Furthermore, the chromo domain is encoded by two fungal retrotransposons, either as a stand-alone ORF or as the C-terminal domain of the POL polyprotein (Fig. 3) .
Functional implications: the chromo domain may be a general vehicle for the delivery of transcription regulators to their action sites on chromatin
The duplication of the chromo domain in HP1 is in accord with the recent results showing that HP1 contains two distinct chromatin-binding domains in its N-terminal and C-terminal haJves (30) . It has been shown that a chimeric protein containing the chromo domain from PC and the C-terminal chromo domain from HP] binds both to the HPl-binding sites in heterochromatin and to the PC-binding sites in polytene chromosomes. Furthermore, in flies expressing the HP1/PC chimera, endogenous HP1 and PC are reciprocally misdirected to the binding sites of the other protein (30) . These results imply that the chromo domain may be involved in a network of multiple protein-protein contacts, both with the targets in chromatin and with chromo domains in other molecules.
The identification of the chromo domain in RBP1 and in MSL3 is of particular interest. RBP lisa nuclear phosphoprotein that has been identified based on its binding to the retinoblastoma (RB) protein, a wide-spread tumor suppressor (31) (32) (33) . Retinobalstoma is a global transcription repressor that is thought to function, at least in some cases, by binding to and sequestering the transactivation domains of various transcription factors (34, 35) . The association of RB with chromatin and, specifically, its accumulation at the heterochromatin/euchromatin boundary have been demonstrated (36) . In a RBP1-RB complex, the chromo domain of RBP1 may be involved in the delivery of the bound RB to the sites of its action on chromatin.
In contrast to the initially described chromo-containing proteins, MSL3 is involved in transcription activation rather than repression (37 and refs therein). Similarly, XNF7 has been shown to function as a transcription transactivator (38) , and in CHD-1, the chromo domains are associated with an SNF2-like helicase domain implicated in transcription activation (9, 39) . Taken together, these observations indicate that the chromo domain may be a vehicle that delivers both positive and negative transcription regulators to the sites of their action on chromatin.
